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ABSTRACT: Data were collected at a wastewater treatment plant (WWTP) in
Burlington, Vermont, USA, (serving 30,000 people) to assess the relative
contribution of CSO (combined sewer overﬂow) bypass ﬂows and treated
wastewater eﬄuent to the load of steroid hormones and other wastewater
micropollutants (WMPs) from a WWTP to a lake. Flow-weighted composite
samples were collected over a 13 month period at this WWTP from CSO
bypass ﬂows or plant inﬂuent ﬂows (n = 28) and treated eﬄuent discharges (n =
22). Although CSO discharges represent 10% of the total annual water discharge (CSO plus treated plant eﬄuent discharges)
from the WWTP, CSO discharges contribute 40−90% of the annual load for hormones and WMPs with high (>90%) wastewater
treatment removal eﬃciency. By contrast, compounds with low removal eﬃciencies (<90%) have less than 10% of annual load
contributed by CSO discharges. Concentrations of estrogens, androgens, and WMPs generally are 10 times higher in CSO
discharges compared to treated wastewater discharges. Compound concentrations in samples of CSO discharges generally
decrease with increasing ﬂow because of wastewater dilution by rainfall runoﬀ. By contrast, concentrations of hormones and
many WMPs in samples from treated discharges can increase with increasing ﬂow due to decreasing removal eﬃciency.
■ INTRODUCTION
Combined sewer overﬂows (CSOs) are present in the United
States,
1 Europe
2 and other parts of the world. CSOs include
combined collection system of sewage and rainfall runoﬀ. Flow
in these combined systems can exceed the capacity of WWTPs
(wastewater treatment plants) during stormﬂows so that
mixtures of untreated sewage and stormwater runoﬀ are
released to receiving waters. In the US, over 700 cities have
CSOs, and they are most commonly located on the east coast,
Great Lakes, and Paciﬁc northwest.
1 CSOs have been identiﬁed
as important sources of polycyclic aromatic hydrocarbons,
organochlorine compounds, nutrients, and chemical oxygen
demand.
2−5
Recent studies have identiﬁed CSOs as a potential source of
wastewater micropollutants (WMPs) to receiving waters,
6−13
with substantially elevated WMP concentrations occurring in
urban waters following CSO discharges.
9,12,14−16 For example,
caﬀeine concentrations in urban streams in Switzerland were
higher than in treated WWTP eﬄuent, and stream concen-
trations were highest during stormﬂow conditions and lowest
during baseﬂow conditions.
17 Loads for ibuprofen have been
found to be up to 100 times greater in CSO discharges than in
treated eﬄuents.
18 Patterns in the enantiomer fraction of the
chiral pharmaceutical propranolol in several freshwater sites and
a coastal bay indicated that CSO discharges and bypass ﬂows
were the largest source of propranolol to coastal waters.
9
Furthermore, CSOs constitute a more important source of
bacteria than treated WWTP discharges.
19
Benotti and Brownawell’s model
7 of CSOs as a source of
WMPs to an urban estuary indicates that CSO discharges can
have concentrations 10 or more times greater than treated
wastewater. This model predicts that lack of treatment is a
more important factor than dilution by rainfall runoﬀ for
compounds with high removal eﬃciencies; thus, this model
predicts that for compounds with high removal eﬃciencies,
higher concentrations can be expected in CSO ﬂows compared
to treated WWTP ﬂows. Conversely, for compounds that are
not eﬃciently removed by WWTP processes, CSO discharge
concentrations should be more similar to treated discharge
concentrations, as dilution by runoﬀ should be a more
important factor than the lack of treatment. Although this
model assumes constant removal rates by a WWTP, removal
rates can be expected to decrease for caﬀeine, propranolol, and
estrogens, as ﬂows increase (and residence times decrease)
through a WWTP because of greater water-volume inputs
during storms.
9,17,20 Thus, hormones and other WMPs that are
eﬃciently removed by treatment during normal ﬂows (resulting
in low or nondetectable concentrations in treated eﬄuent)
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bypass and treated eﬄuent ﬂows during storms due to high
ﬂow rates.
Consistent with these expectations, concentrations of caﬀeine
and other compounds, which were generally eﬃciently
removed during wastewater treatment, were greater in CSO
bypass ﬂows and during stormﬂow in urban streams receiving
CSO discharge than in treated eﬄuents in Burlington,
Vermont, USA.
12 In contrast to eﬃciently removed com-
pounds, the highest concentrations for galaxolide (a poorly
removed compound) occurred in treated eﬄuents, with lower
concentrations in CSO discharges.
12 The presence of estrogens
in CSO discharges has been suggested as a cause of endocrine
disruption in ﬁsh,
21 but this study
21 did not directly measure
estrogen concentrations. Little is known about the relative
contribution of CSO discharges to hormone loads in the
environment, although the occurrence of peak concentrations
of estrone (E1) and 17β-estradiol (E2) in an urban stream
during stormﬂows has been attributed to CSO discharges.
22
Limited attention has been paid to characterizing the
importance of CSOs as a source of hormones to the aquatic
environment despite increasing documentation describing the
sources and eﬀects of estrogens on biologic populations.
23−25
In part, this is due to diﬃculties in collecting representative
samples and measuring ﬂows during these short-duration,
highly variable discharges.
9,10 The few studies that have
included direct sampling of CSO ﬂows have relied on data
obtained from a limited number of grab samples.
9,12
Quantitative assessment of loads from CSO discharges requires
collection of ﬂow data for CSO and the treated eﬄuent and
ﬂow-weighted samples collected over the duration of rain-
storms.
This study assesses the relative contribution of CSO bypass
ﬂows and treated wastewater eﬄuents to the load of steroid
hormones and other WMPs from a WWTP to a lake and relates
these contributions to the removal eﬃciency by WWTP
processes over a range of ﬂows. Comparison of annual loads
from treated wastewater with respect to removal eﬃciencies
provides a quantitative assessment of the relation between
degree of removal and the importance of CSO discharges as an
environmental source of individual hormones and WMPs. The
eﬀect of higher ﬂows on removal eﬃciencies in the WWTP are
also assessed, along with implications for high ﬂows as a
disproportionate source of compounds from treated eﬄuents.
■ EXPERIMENTAL METHODS
Analytical Methods and Method Performance. Con-
centration data are based on two methods for unﬁltered
samples: a hormone method and an organic wastewater
compound (OWC) method.
The hormone method determines 20 analytes including
estrogens, androgens, and additional compounds.
26 Detection
limits for hormones ranged from 0.4 to 4 ng/L. Reporting
levels of 100 ng/L for bisphenol A (BPA) and 2000 ng/L for 3-
beta-coprostanol (COP) and cholesterol (CHO) were adjusted
because of laboratory blank limitations. Twelve hormone
method compounds with suﬃcient detection frequency (55%
or greater) to allow computation of CSO bypass loads are
discussed in this paper: three estrogens, E1, E2, and estriol
(E3); six androgens, 11-keto testosterone (11-K), androstene-
dione (ADSD), cis-androsterone (CAND), dihydrotestosterone
(DHT), epitesosterone (EPI), and testosterone (TES); two
sterols, COP and CHO, and BPA (Table S2 in Supporting
Information). Additional method details are provided in the
Supporting Information and elsewhere.
26
Mean method recoveries from spike reagent water for the
estrogens and androgens discussed in this paper were between
90 and 115%, with relative standard deviations (RSDs) from 10
to 18% (Table S2). Mean recoveries for BPA were 126% (26%
RSD). Mean recoveries for CHO and COP in these reagent-
water spikes were higher (about 168%), as were RSDs (about
38%) and were the result of unusually low (≤10% for most)
cholesterol-d7 isotope-dilution standard recoveries in reagent-
water only matrices (including blank samples) as discussed in
Foreman and others
26 and the Supporting Information. Two
analytes analyzed using the hormone method were detected in
one or more of the 23 ﬁeld blanks at concentrations above the
detection limit: COP in two blanks at <2600 ng/L and CHO in
four blanks at <6000 ng/L. All concentrations of COP <5000
ng/L and concentrations of CHO <12,000 ng/L were censored
in ﬁeld samples. The median relative percent diﬀerence in
analyte concentrations was 14% for the 18 replicate samples
analyzed using the hormone method.
The OWC method employs continuous liquid−liquid
extraction with dichloromethane of unﬁltered 1-L water
samples.
27 Extracts are analyzed for 69 compounds by gas
chromatography with electron impact mass spectrometry
operated in full scan mode. Six analytes from the OWC
method had suﬃcient detection frequency to allow computa-
tion of loads and are discussed in this paper: benzophenone
(BEP), beta-sitosterol (SIT), caﬀeine (CAF), galaxolide (GAL),
tris(2-butoxyethyl)phosphate (TBEP), and triclosan (TCS).
Reporting levels applied in this study to these compounds are
200 ng/L, except for SIT (800 ng/L). The six compounds
analyzed by the OWC method along with COP, CHO, and
BPA are collectively referred to as WMPs in the remainder of
this paper to help distinguish them from estrogens and
androgens. The six compounds analyzed using the OWC
method had median spike recoveries of 80% and median RSD
(relative standard deviations) of 8.5% for reagent, surface, and
groundwater spikes.
27 Recoveries for these spikes ranged from
62 to 105%, with RSDs between 5 and 16%. Recoveries for SIT
were generally lower (median of 55%) and more variable
(median RSD = 22%) than the other ﬁve compounds included
in the OWC method. None of the compounds analyzed using
the OWC method had a detection reported in any of the seven
blank samples collected during the study. Median relative
percent diﬀerence for the six replicates collected during the
study was 13%. Additional details on quality assurance and
method performance data for this method are available in the
Supporting Information.
Sampling Network. Samples were collected from the Main
Burlington WWTP in Burlington, Vermont, USA, between
November 2007 and December 2008 in order to characterize
the concentrations of hormones and WMPs during wet- and
dry-weather conditions. This WWTP serves approximately
30,000 people and has a design capacity of 0.2 m3/s. When the
capacity of this WWTP is exceeded during stormﬂows,
untreated ﬂows are discharged to the receiving waters; such
ﬂows are referred to as CSO bypass ﬂows. The availability of
ﬂow data for both CSO bypass ﬂows and treated plant eﬄuent
ﬂow at this WWTP allowed collection of ﬂow-weighted
samples required for calculating annual loads for target analytes.
Samples collected from the Plant Eﬄuent (PE; n = 22)
represent water discharged from the plant following all physical,
biological, and chemical treatment steps (Figure S1) at this
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eﬄuent loads as indicated below. Samples of untreated
wastewater were collected from two sites  Plant Inﬂuent
(PI) and Combined Sewer Eﬄuent (CSE). Unlike PE samples,
samples from PI and CSE sites receive no biological treatment
and minimal physical treatment. PI samples (n = 18) were
collected between the grit removal and primary settling
treatment steps (Figure S1). CSE samples (n = 10) represent
CSO bypass ﬂow from the WWTP during CSO events;
treatment of these ﬂows is limited to vortex separation for large
particle removal and disinfection. CSO bypass loads are based
on data from all CSE samples and data from select PI samples
as explained below. For the period December 1, 2007 through
November 30, 2008, CSO bypass occurred on 37 days in
response to daily precipitation ranging from 0.2 to 4.1 cm.
Treated plant eﬄuent ﬂow over this period ranged from 116 L/
s to 516 L/s and averaged 202 L/s. CSO bypass ﬂows
represented 10% of the total annual ﬂow (sum of treated plant
eﬄuent plus CSO bypass ﬂows) discharged from this plant
during this period. Samples were collected during both
stormﬂow and baseﬂow (nonstorm) conditions from Novem-
ber 2007 through December 2008 approximately every four to
six weeks, depending on the occurrence of stormﬂows. Sample
information including dates, collection method, duration of
composite collection, ﬂow rates, and analytical methods used
are provided in Table S1. The location of sample sites can be
found in the Supporting Information (Figure S1).
Rapid changes in ﬂow that can occur during stormﬂows and
diurnal variability in analyte concentrations require the
collection of ﬂow-weighted samples for all sample types.
28
Most of the PE and PI samples were collected as ﬂow-weighted
composites of 24 1-L samples collected hourly over a day. PE
sample collection lagged PI sample collection by the hydraulic
residence time of the WWTP (4 h), thus it was possible to
compute removal eﬃciency of the compounds by comparison
of concentrations in the PE and PI samples (as detailed in the
Supporting Information). CSE samples were generally ﬂow-
weighted composites of 1-L samples collected every 15−30 min
over the duration of storm events; these events ranged from <1
h to nearly 6 h. Composites for all sample sites were based on
ﬂow proportional volumes taken from each individual 1-L
sample. This approach is similar to sampling frequencies and
approaches that have been shown to result in low (<10%)
variation due to sampling for compounds such as caﬀeine that
are commonly used and excreted.
28 This approach is suitable
for this study due to the widespread use/and or excretion of the
hormones and other compounds included in this study.
29−35
Samples were kept chilled on ice or frozen (hormones) until
processing, and samples collected downstream of chemical
treatment for disinfection were treated with ascorbic acid (see
Analytical Methods section in the SI).
Load and Removal Rate Eﬃciency Estimates. Concen-
tration data from both the PI and CSE samples were used for
load calculations of CSO bypass because the PI samples were
collected over a wider range of ﬂows than the CSE samples and
so are essential for representing concentrations over the entire
range of CSO bypass ﬂows. CSO bypass ﬂow loads were
calculated for all 18 compounds discussed in this paper.
Treated plant eﬄuent loads were calculated for all of these
compounds except the ﬁve compounds (E2, 11-K, DHT, EPI,
TES) that had detection frequencies for PE samples less than
50%.
Treatment removal eﬃciencies for all 18 compounds were
computed by comparing concentrations in PI samples with PE
samples, as detailed in the Supporting Information. A 4 h lag
time was used for all storms because the actual change in
Figure 1. Concentrations of compounds in samples collected from Main Burlington wastewater treatment plant November 2007 to December 2008.
An asterisk following the name of a compound indicates that median concentrations for the two types of samples are signiﬁcantly diﬀerent by the
nonparametric Kruskal−Wallis test at the 0.05 level. For most analytes, the x-axis corresponds to a concentration equal to half of the reporting level;
nondetected values are plotted at this level. For some analytes, a dashed line denotes half of the method reporting limit.
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sampling. Use of the 4 h lag likely resulted in including a greater
proportion of water for the PE samples from the end of the
event. Calculations indicate this lag resulted in around 10% of
the total sample volume composite shifting from the early part
of the event to the latter portion for the highest treated eﬄuent
ﬂows sampled. Thus, the removal eﬃciencies for stormﬂows
may be biased somewhat high, and diﬀerences in removal
eﬃciencies between baseﬂow and stormﬂow may be greater
than indicated in these results. Load estimates are not aﬀected
by a constant lag because loads are estimated on concentration-
discharge relations, which are not aﬀected by the lag between
PI and PE samples, as they reﬂect the concentration
corresponding to the ﬂows that occurred over the sample
period.
Concentration-discharge relations were used to calculate
treated plant eﬄuent and CSO bypass loads using a tobit
regression. Tobit regression was used due to the large degree of
censored (nondetected) data for some of the compounds.
36
Details on samples and approaches used to determine loads are
available in the Supporting Information, as are the tobit
regression statistical results for treated plant eﬄuent and CSO
bypass loads (Table S4A,S4B).
■ RESULTS AND DISCUSSION
Comparison of Concentrations between CSE/PI and
PE Samples. As suggested by the Benotti and Brownawell
model,
7 all 12 compounds (11-K, ADSD, CAND, CAF, CHO,
COP, DHT, E2, E3, EPI, SIT, TES) with high removal
eﬃciencies (>90%) had higher concentrations in CSE and PI
samples compared to PE samples (Kruskal−Wallis test, p <
0.05; Figures 1, 2, S5). Concentrations in CSE and PI samples
generally range from 1 to 10 ng/L for E2 and 10−100 ng/L for
E3, whereas concentrations in PE samples usually are <0.5 ng/
L for E2 and 2 ng/L for E3. Androgen concentrations in CSE
and PI samples are generally >10 times greater than in PE
samples; ADSD and CAND concentrations are highest in CSE
and PI samples (generally ranging from 50 to 500 ng/L) but
typically low (<5 ng/L) in PE samples. Concentrations of the
hormones in these samples and estimated removal eﬃciencies
are similar to those previously reported.
17,29,37−39 The high
removal eﬃciencies for estrogens reﬂect the 10−12 day solid
retention time (SRT) maintained at the WWTP; comparable
removal eﬃciencies have been reported for other activated
sludge WWTPs operated under similar SRTs.
40
The remaining six compounds (BEP, BPA, E1, GAL, TBEP,
and TCS) had <90% median removal eﬃciencies; for most of
these compounds, concentrations in CSE and PI samples are
not signiﬁcantly diﬀerent from PE samples (Kruskal-Wallace
test, p < 0.05; Figures 1, 2, S5); this ﬁnding is also consistent
with the Benotti and Brownawell model.
7 The only exception
to this generalization is for E1 and TCs; median removal
eﬃciencies for E1 and TCS are higher (around 80%) and less
variable than the removals of BEP, BPA, GAL, and TBEP (34−
77% median removal; Figure 2). E1 concentrations in CSE and
PI samples generally range from 5 to 20 ng/L, and those in PE
samples range from 2 to 10 ng/L. E1 is a known metabolite of
E2 in activated sludge systems;
41 so concurrent production and
degradation of E1 would result in higher E1 concentrations in
PE samples relative to CSE and PI samples than for E2 or E3.
Removal eﬃciencies for E1 during treatment reportedly are
lower than for other estrogens.
40,41 Concentrations in these
samples and removal eﬃciencies for TCS and GAL are similar
to those reported elsewhere.
13,33,34,37,42,43
Concentration-Discharge Relation Used To Deter-
mine Loads. Hormone and WMP concentrations in CSE
and PI samples generally decreased with increasing discharge
(Figures 3, S2A, S2B), reﬂecting that dilution of wastewater by
storm runoﬀ is the main process controlling concentrations of
these compounds in CSE and PI samples. This is similar to the
pattern of decreasing total Kjeldahl nitrogen concentration with
increasing ﬂow observed in a CSO study;
44 this decrease was
attributed to the dilution of untreated sewage with storm
runoﬀ. A concentration-discharge relation that is controlled
solely by the dilution of untreated wastewater by stormﬂow
runoﬀ (assuming that the compound is not present in the
stormwater) will have a slope of −1. Five compounds (TES, E2,
BPA, CAF, and TCS) in the current study have slopes between
−0.8 and −1.2 (Tables S4A, S4B), suggesting that the major
factor controlling the concentrations of these compounds in
CSE and PI samples is dilution of untreated sewage by
stormﬂow runoﬀ.
Seven compounds (TBEP, BEP, CHO, COP, GAL, CAND,
and SIT), however, have concentration-discharge slopes of
>−0.7 for CSE and PI samples (Tables S4A, S4B), indicating
that their concentrations at higher ﬂows are greater than
predicted by stormwater dilution. This group includes all four
compounds (CHO, COP, GAL, and SIT) that have high log
Kow values (>6). Patterns of TSS transport in CSOs reﬂects a
complex mixture of solids derived from wastewater, solids
stored in sewage pipes, and solids derived from storm runoﬀ.
45
During stormﬂows, the proportion of ﬂow from wastewater is
diminished, and the proportion of ﬂow from road runoﬀ
increases. Solids deposited in the sewer system during low ﬂows
have been found to be mobilized by high ﬂows,
2 resulting in
enhanced transport of hydrophobic compounds by CSO
discharges.
5 The results of the current study are consistent
with the hypothesis that solids stored in sewers between events
are mobilized during stormﬂow, resulting in the observed lack
of dilution of the four compounds with high log Kow values
during CSO discharges.
Although the cause of the lack of dilution for the compounds
in this group that have log Kow < 6 is unclear, other factors
may result in the observed lack of dilution. The lack of dilution
Figure 2. Median percent removal and percent of total load from
combined sewer overﬂow bypass ﬂow from Main Burlington Vermont
wastewater treatment plant samples, 2007−2008. An open circle
denotes those compounds that had a treated plant eﬄuent load
calculated using 1/2 of the reporting level as the concentration for all
samples because the compound was not detected above the method
reporting level in treated plant eﬄuent samples frequently enough to
compute loads.
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sterol from terrestrial plant debris washed into the storm sewer
system.
46 Transport associated with sediment particles is not as
likely for TBEP (log Kow = 3.0), yet TBEP is used in synthetic
rubber and plastics production and has been detected in
snow.
47 Thus, the low degree of dilution for TBEP may reﬂect
the contribution of road surface runoﬀ containing TBEP that
occurs during stormﬂows. The lack of substantial dilution
(regression slope of −0.34; Figure S2A, Table S4B) of CAND
in CSE and PI samples with increasing discharge is not clear.
One possibility is that the amount of CAND associated with
suspended particles contributed from storm runoﬀ might be
greater than predicted from its octanol−water partition
coeﬃcient relative to the other hormones (Table S2). Another
possibility is that CAND is being formed, for example, by
oxidation of 17α-o rβ-isomers of 5α-androstane-3α,17-diol
(not determined in this study but present in urinary
excretions
30) via enzymatic processes comparable to those
that form E1 from E2.
48
Several androgens (11-K, ADSD, EPI, DHT) and two
estrogens (E1 and E3) have CSE and PI sample concentrations
that are lower than predicted by dilution at higher ﬂows
(concentration-discharge slopes ←1.2; Table S4B). The reason
for this is not clear, but for androgens may be because these
compounds are degradation products of other androgens
(especially testosterone) that might not be formed as eﬀectively
during high ﬂow conditions as they are during low ﬂow
conditions.
29,30
By contrast, concentrations of compounds in PE samples are
not aﬀected by dilution, as concentrations of many of these
compounds signiﬁcantly increase with ﬂows (Figures 3, S2A,
S2B). In general, the slope of the concentration-discharge curve
for PE samples is more positive for compounds with high
removal eﬃciencies (including CAF, CAND, COP, SIT, CHO)
than for compounds with low removal eﬃciencies (BEP, GAL,
BPA, TBEP). A signiﬁcant increase in concentration with
increasing ﬂows occurs for many compounds for treated ﬂows
(see Table S4A) despite the decrease in concentration observed
for untreated (CSE and PI) samples with increasing discharge
(Table S4B). The observed lack of dilution in PE samples
reﬂects the importance of decreased treatment eﬃciency
(Figures S6A, S6B) that occurs for many compounds with
increasing ﬂows. This decreased treatment eﬃciency probably
reﬂects less eﬃcient biological treatment that occurs when
hydraulic retention times lessen during higher ﬂows.
Annual Loads for Treated and CSO Flows. Loads
calculated using these data show that CSO bypass ﬂow
contributes a substantial proportion of total annual load for
Figure 3. Concentration as a function of discharge for select hormones and wastewater micropollutants in Main Burlington Vermont wastewater
treatment plant samples November 2007 to December 2008. These lines are tobit regression lines used to determine loads from combined sewer
overﬂow bypass and treated plant eﬄuent discharges. For all analytes except caﬀeine, nondetected values are plotted along the x-axis at a value
corresponding to 1/2 of the reporting level concentration. For caﬀeine, nondetections are plotted at 100 ng/L (1/2 of the reporting level).
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those that are eﬃciently removed during wastewater treatment.
Total annual load from this WWTP is equal to the sum of the
load for the treated plant eﬄuent and the load from the CSO
ﬂow bypass. CAF and CAND, compounds with the highest
median removal eﬃciencies (98−99%), also had the highest
proportion of total annual load from CSO bypass ﬂow (81 and
93%, respectively). The other ﬁve compounds (SIT, CHO,
COP, ADSD, and E3) having high removal eﬃciencies and
suﬃcient detection frequency for treated load estimates had
CSO bypass loads representing 43−61% of the total annual
loads. These proportions are much higher than the proportion
of total annual water discharge as CSO bypass ﬂow (10%). The
ﬁnding that most of the annual load (>80%) of caﬀeine from
this WWTP is attributable to CSO bypass ﬂows supports the
hypothesis that CSOs can be a major source of caﬀeine to
receiving waters.
17 These results demonstrate the importance of
quantifying concentrations of hormones and other compounds
in bypass ﬂows to provide a more accurate assessment of
contaminant loads from CSOs relative to the contributions
from WWTP discharges.
Assessment of the importance of CSO bypass loads for ﬁve
compounds with high removal eﬃciencies (EPI, E2, 11-K,
DHT, TES) was hampered by their low (<50%) detection
frequency in treated samples (Figure 1; Table S2). Con-
sequently, treated plant eﬄuent load estimates for these
compounds are based on using a concentration equal to 50%
of the reporting level. This load estimate should be considered
an upper bound on treated plant eﬄuent loads and is used only
to give a general comparison between CSO bypass loads and
treated plant eﬄuent loads; it is likely that the fraction of
annual load discharged by CSO discharges for these ﬁve
compounds is substantially greater than depicted in Figures 2
and S5. Median removals for EPI, E2, and 11-K range from 90−
96%, and the estimate of total load from CSO bypass ﬂows
ranges from 17−29% (Figure 2). Median removal amounts for
DHT and TES were higher (96% and 99%, respectively), as
was the proportion of total annual load from CSO bypass ﬂows
(35% and 70%, respectively). Thus, even for compounds with
conservative (high) treated plant eﬄuent load estimates, CSO
bypass ﬂows appear to contribute disproportionally to the total
annual load discharged from the Main Burlington WWTP to
Lake Champlain.
CSO bypass ﬂows are not as important for annual loads for
compounds that are poorly removed during wastewater
treatment. The remaining six compounds included in this
study (BEP, BPA, E1, GAL, TBEP, and TCS) had <90%
median removal eﬃciencies, and all but TCS (19%) had <10%
contributions of total annual load from CSO bypass ﬂows
(Figure 2). These ﬁndings are in agreement with the Benotti
and Brownawell
7 model and observations in Germany
14 that
untreated discharges resulting from CSO events contribute a
disproportionate load for compounds that are eﬃciently
removed by wastewater treatment but are less important for
compounds that are not eﬃciently removed.
CSOs have been shown to adversely aﬀect water quality,
49−51
and discharges of nutrients, pathogens, and other contaminants
during CSO events have been linked to acute water-quality
issues such as ﬁsh kills
52 and to chronic water-quality issues in
urban streams.
14 For the Main Burlington WWTP, there were
37 CSO bypass ﬂow discharges over the year studied, with
discharges lasting from around 1 to 10 h. Although these ﬂows
are sporadic and of short duration, results of the current study
show that concentrations of hormones and many WMPs in
CSO bypass ﬂows were up to 10 times higher than those from
treated plant eﬄuent and contribute a substantial portion of the
total mass discharged to the receiving water. Thus, models of
WWTP discharge that do not account for CSO discharges can
severely underestimate the environmental occurrence of certain
emerging contaminants.
9 This is particularly true for hormones
and other WMPs that are eﬀectively removed during
wastewater treatment.
The importance of hormone and WMP discharges from
CSO bypass ﬂows is dependent on the characteristics of the
receiving waters. In settings such as Lake Champlain, where a
CSO bypass ﬂow discharges into a large body of water with a
high degree of mixing, ecological eﬀects might be mitigated by
rapid dilution compared to other settings. Biota in urban
estuaries, such as Jamaica Bay in New York,
7 or other locations
with receiving waters having comparatively small volume and
limited mixing potential might be substantially aﬀected by CSO
discharges. In such settings, high-concentration pulses of
hormones discharged to the receiving water after a CSO
event might adversely aﬀect ﬁsh reproduction, especially if they
occur during key spawning or growth development periods. In
addition, CSO pulses can be a major source of endocrine-
disrupting compounds to sediments in receiving waters, and so
may aﬀect ﬁsh reproduction
52 and enter the food chain through
benthic organisms.
53 Concentrations of individual estrogens in
CSO bypass ﬂows in this study commonly range from 2 to 20
ng/L (Figure 1), well within the range of concentrations
(around 1 ng/L) associated with reproductive disruption in
ﬁsh.
24 Other sources of untreated wastewater may have similar
eﬀects as CSO bypass ﬂow; interconnections between sewer
pipes and storm drains and leaky sewer pipes also are potential
sources of untreated wastewater to streams.
16,54 Based on these
results, assessments of sources and ecological eﬀects of
hormones and WMPS should consider CSO bypass discharges
and other sources of untreated wastewater.
Importance of High Flows for Treated Plant Eﬄuent
Loads. Previous studies have shown lower removal eﬃciencies
for hormones and other WMPs with decreased hydraulic
residence time in a WWTP.
9,20,38,54 Indeed, removal eﬃciencies
signiﬁcantly decreased with increasing PE ﬂow for nine (COP,
SIT, CAF, CHO, CAND, E3, GAL, TBEP, TCS) of the
thirteen compounds having suﬃcient data to allow for this
comparison (Figures S6A, S6B). Reduced hydraulic residence
times during storm events have at least two possible inﬂuences
on removal eﬃciency: decreased exposure time for degradation
by the activated sludge (as appears the case for caﬀeine) and
decreased removal of solids material (as appears the case for
CHO, COP, and SIT, which can be expected to have
substantial particle-phase concentrations). During high ﬂows,
the Main Burlington WWTP operates in contact stabilization
mode in order to reduce the amount of solids lost from the
system. This is done to maintain the 10 to 12 day SRT that the
plant operates in during high ﬂow events. Although TSS
concentrations in PE samples increase with ﬂows from around
1 to 10 mg/L, concentrations are still far less than the 100−200
mg/L concentrations associated with untreated sewage samples
(Figure S3).
Although days with treated plant eﬄuent ﬂows greater than
the WWTP’s design capacity (>325 L/s) only constitute
around 11% of the annual treated plant water discharge, these
high ﬂows make a disproportionate contribution to annual
treated plant loads for several compounds. The proportion of
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ranged from 20 to 45% for several compounds (E3, CAND,
COP, SIT, CAF, CHO, and TBEP; Figure S7). The higher
proportions of treated plant eﬄuent loads associated with high
ﬂows reﬂect the substantial decrease in removal eﬃciency with
increasing ﬂows; all these compounds have a slope >1 for the
log−log relation between concentration and plant eﬄuent ﬂow
(Table S4A, S4B). These results demonstrate that even if CSO
bypass ﬂows did not occur at this WWTP, a disproportionate
amount of the annual load of some hormones and WMPs
would occur at higher ﬂows due to decreased removal
eﬃciencies.
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Kuster, M.; Delgenès, J.-P.; Hernandez-Raquet, G. Chemical and
biological analysis of endocrine-disrupting hormones and estrogenic
activity in an advanced sewage treatment plant. Environ. Toxicol. Chem.
2008, 27, 1649−1658.
(40) Clara, M.; Kreuzinger, N.; Strenn, B.; Gans, O.; Kroiss, H. The
solids retention time − a suitable design parameter to evaluate the
capacity of wastewater treatment plants to remove micropollutants.
Water Res. 2005, 39,9 7 −106.
(41) Liu, Z.; Kanjo, Y.; Mizutani, S. Removal mechanisms for
endocrine disrupting compounds (EDCs) in wastewater treatment −
physical means, biodegradation, and chemical advanced oxidation: A
review. Sci. Total Environ. 2009, 407, 731−748.
(42) Miege, C.; Choubert, J. M.; Ribeiro, L.; Eusebe, M.; Coquery,
M. Fate of pharmaceuticals and personal care products in wastewater
treatment plants − Conception of a database and ﬁrst results. Environ.
Pollut. 2009, 157, 1721−1726.
(43) Reiner, J., L.; Berset, J. D.; Kannan, K. Mass ﬂow of polycyclic
musks in two wastewater treatment plants. Arch. Environ. Contam.
Toxicol. 2007, 52, 451−547.
(44) Kaﬁ, M; Gasperi, J; Lorgeoux, C; Moilleron, R; Gromaire, M.
C.; Chebbo, G. Spatial variability of the characteristics of conveyed wet
weather pollutant loads in Paris. Water Res. 2008, 42, 539−549.
(45) Gasperi, J.; Garnaud, S.; Rocher, V.; Moilleron, R. Priority
pollutants in surface waters and settleable particles within a densely
urbanised area: Case study of Paris (France). Sci. Total Environ. 2009,
407, 2900−2908.
(46) Pedersen, J.; Yeager, M.; Suﬀe t ,I .X e n o b i o t i co r g a n i c
compounds in runoﬀ from ﬁelds irrigated with treated wastewater. J.
Agric. Food Chem. 2003, 51, 1360−1372.
(47) Marklund, A.; Andersson, B.; Haglund, P. Traﬃc as a source of
organophosphorus ﬂame retardants and plasticizers in snow. Environ.
Sci. Technol. 2005, 39, 3555−3562.
(48) Ternes, T. A.; Kreckel, P.; Mueller, J. Behavior and occurrence
of estrogens in municipal sewage treatment plants - II. Aerobic batch
experiments with activated sludge. Sci. Total Environ. 1999, 225,9 1 −
99.
(49) Wilkison, D. H.; Armstrong, D. A.; Hampton, S. A. Character
and trends of water quality in the Blue River Basin, Kansas City
Metropolitan Area, Missouri and Kansas, 1998 through 2007; USGS
733; Sci. Inv. Rep. 2009−5169, 2009, 211 p.
(50) Even, S.; Mouchel, J.-M.; Servais, P.; Flipo, N.; Poulin, M.;
Blanc, S.; Chabanel, M.; Paﬀoni, C. Modeling the impacts of combined
sewer overﬂows on the river Seine water quality. Sci. Total Environ.
2007, 375, 140−151.
(51) Gasperi, J.; Gromaire, M. C.; Kaﬁ, M.; Moilleron, R.; Chebbo,
G. Contributions of wastewater, runoﬀ and sewer deposit erosion to
wet weather pollutant loads in combined sewer systems. Water Res.
2010, 44, 5875−5886.
(52) Keiter, S.; Rastall, A.; Kosmehl, T.; Wurm, K.; Erdinger, L.;
Braunbeck, T.; Hollert, H. Ecotoxicological assessment of sediment,
suspended matter and water samples in the upper Danube River - A
pilot study in search for the causes for the decline of ﬁsh catches.
Environ. Sci. Pollut. Res. Int. 2006, 13, 308−319.
(53) Ferguson, P.; Bopp, F.; Chillrud, S.; Aller, R.; Brownawell, B.
Biogeochemistry of nonylphenol ethoxylates in urban estuarine
sediments. Environ. Sci. Technol. 2003, 37, 3499−3506.
(54) Kuroda, K.; Murakami, M.; Oguma, K.; Muramatsu, Y.; Takada,
H.; Takizawa, S. Assessment of groundwater pollution in Tokyo using
PPCPs as sewage markers. Environ. Sci. Technol. 2012, 46, 1455−1464.
Environmental Science & Technology Article
dx.doi.org/10.1021/es3001294 | Environ. Sci. Technol. 2012, 46, 5336−5343 5343